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Abstract

In the microelectronics industry tin/lead solder joints are an essential part of packaging. It is well established that
heat generated by the circuits when the device is on leads to a thermal loading which is cycling in nature. Due to
the coefficient of thermal expansion (CTE) mismatch between the bonded layers, the solder joint experiences cycling
shear strain, which leads to short cycle fatigue. When semiconductor devices are used in a vibrating environment,
additional strains shorten the fatigue life of a solder joint. Reliability of these joints in new packages is determined
by laboratory tests. In order to use the FEM to replace these expensive reliability tests, a unified constitutive model
for Pb40/Sn60 solder joints has been developed and implemented in a thermo-viscoplastic-dynamic finite element
procedure. The model incorporates thermal-elastic-viscoplastic and damage capabilities in a unified manner. The
constitutive model has been verified extensively against laboratory test data. The finite element procedure was used
for thermo-viscoplastic, dynamic and coupled thermo-viscoplastic-dynamic analyses for fatigue life predictions. The
results indicate that using Miner’s rule to calculate accumulative damage by means of two separate analyses, namely
dynamic and thermo-mechanical, significantly underestimates the accumulative total damage. It is also shown that a
simultaneous application of thermal and dynamic loads significantly shortens the fatigue life of the solder joint. In
the microelectronic packaging industry it is common practice to ignore the contribution of vibrations to short cycle
fatigue life predictions. The results of this study indicate that damage induced in the solder joints by vibrations has
to be included in fatigue life predictions to accurately estimate their reliability. © 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Among all the bonding technology options in the
electronics industry surface mount technology (SMT)
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is the fastest growing. This popularity is due to the
fact that by providing more space, SMT increases the
I/O interconnection density. The down side of using
SMT is that the solder joints are susceptible to thermal
fatigue. As a result, the reliability of surface mount
components has become a critical issue. The main
reason for the low cycle thermal fatigue of solder joints
is the CTE mismatch between the joined components.
Semiconductor devices experience temperature vari-
ations which are caused either by heat dissipation from
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the circuits, or by ambient temperature changes.
Because of the CTE mismatch, different elongations
and contractions take place in the layers. As a result,
the solder joint between the layers experiences cycling
shear strain and creep damage [49].

When semiconductor devices are used in a vibrating
environment, dynamic strains contribute to the failure
mechanism and can sometimes become the cause for
dominant failure. Presently in the microelectronics
industry, all vibration induced stresses on solder joints
are considered to be elastic. It is assumed that there is
no contribution to the low cycle fatigue life from vi-
brations [4]. In this paper it is shown that vibration
effects cannot be classified categorically as elastic only
and ignored in low cycle fatigue studies. It is also
shown that at elevated temperatures, irreversible
strains due to vibrations are greatly amplified. In this
study it was observed that even the dynamic loads that
are too small to induce irreversible deformations, can
induce significant damage when coupled with thermal
cycling.

A unified damage mechanics-based constitutive
model has been developed and then implemented in a
nonlinear finite element analysis procedure for fatigue
life analysis under coupled dynamic and thermal loads.
The purpose of the study has been to observe the con-
tribution of thermal and vibration induced strains to
the fatigue life of solder joints. The fatigue life of the
solder joint was determined by Miner’s rule and also
by coupled finite element analyses. For Miner’s rule
the damage due to each load type acting individually
was determined and then superposed to assess the
overall fatigue life of the joint. It should be pointed
out that Miner’s rule is commonly used in the industry
[4,38,50]. In coupled analyses both vibrations and ther-
mal cycling were applied simultaneously and the fati-
gue life was directly computed by the finite element
code.

A number of researchers have proposed constitutive
models for Pb/Sn solder alloys. Some of them are
Refs. [4,6,7,15,20,21,24,26,27,29,31,34,35,39,41-48,51—
53] and others. A common shortfall of these models is
that most are empirical in nature and do not include
the grain size and microstructural changes that occur
in a Pb40/Sn60 solder during thermo-mechanical fati-
gue, Frear et al. [25,26].

Most of these models require using empirical curves,
e.g. Coffin [17,18] and Manson [36,37], in determining
the number of cycles to failure rather than determining
the fatigue life at the constitutive level. In the proposed
model, the entropy of the solder joint is used to quan-
tify the damage in the material. Hence, the fatigue life
is determined at the stress analysis level rather than in
a separate fatigue analysis. This integrated analysis
approach significantly reduces the analysis time.

2. Material model

The constitutive model proposed in this paper is
based on the disturbed state concept (DSC). The DSC
has been used extensively for modeling geomaterials,
concrete, metals and alloys [5-9,11,22,23]. The DSC is
a material modeling approach which treats the conti-
nuum as an inhomogeneous mixture rather than as a
homogeneous medium. According to the DSC, the
continuum is composed of intact and fully adjusted
parts. The intact part represents the virgin material
reference state. The fully adjusted part represents the
material that is in the residual asymptotic reference
state. The fully adjusted part can be assigned different
reference states for different materials. In this study it
is assumed that in the fully adjusted state, the material
cannot carry any shear stress but can carry hydrostatic
compressive stresses only. We will refer to this particu-
lar definition of the fully adjusted state as the damaged
state.

Initially the material is mostly in the intact state.
During service the volume of the material in the intact
state decreases and the volume of the material in the
damaged state increases. As a result, the response of
the material is defined by a volume weighted average
of the response of the intact part and the response of
the damaged part. The response of the material in the
intact part will be different than in the damaged part.
In general, stresses will be higher in the intact part and
strains will be higher in the damaged part. In the DSC
continuum due to a stress differential between the
damaged and the intact parts, a material moment is
introduced at the constitutive equation level, similar to
Cosserat’s continuum [19]. Furthermore, due to having
different strains in the damaged and the intact parts,
there is a relative strain which accounts for an ad-
ditional energy dissipation mechanism. As a result the
DSC enables us to account for three separate energy
dissipation mechanisms in the material. The incremen-
tal stress-strain relation in the DSC can be given by
[6,22,30]:

o = C3F dey, 1)

where doj; is the incremental average stress tensor, de i
is the incremental strain tensor for the intact part, and
the DSC tangential constitutive tensor is given by:

COSC =11 = DYC O + D1+ 0)°C ' + (o5,

— ) Ri] @

where iC,-jk, and °Cy, are the tangential constitutive
tensors for the intact and damaged parts, respectively,
oy and ai—,— are the total stress tensors for the damaged
and intact parts, respectively, D is the accumulative
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damage, o is the empirical relative strain coeflicient,
and Ry, is the material moment tensor.

In this proposed model a damage criterion based on
the second law of thermodynamics and statistical con-
tinuum mechanics is used. The damage model utilizes
entropy, which is a measure of disorder in the system
as a damage metric [10,13], using statistical mechanics,
gave a precise meaning to disorder and established the
connection between disorder and entropy by the fol-
lowing equation:

s=kInw 3)

where s is the entropy, k is Boltzmann’s constant and
w is the disorder parameter which is the probability
that the system will exist in the state it is in relative to
all the possible states it could be in. ‘This equation
connects a thermodynamic and macroscopic quantity,
the entropy, with a statistical microscopic quantity, the
probability’ [28].

The entropy in the context of the Helmholtz free
energy function is given by:

¢:€—0S (4)

where ¢ is the Helmholtz free energy, e is the internal
energy, 0 is the absolute temperature and s is the
entropy.

If we select an initial reference state of the material
as state ‘0’, then change in the disorder at any arbi-
trary time with respect to the initial reference state can
be given by

AW = Wy — W = eleom 0/ (NokOu/1) _ ole=)/(Nok0/1) (5
Using the definitions given in Egs. (3) and (4) and also

using the fundamental thermodynamic relations yields
the following damage evolution function:

D = 1 — e~ (Ae=Ad)/(NokO/1i15) (6a)
where
L[ . 1" ag; L
Ae—A¢p = — J o el ——J 1 dt+J 5di (6b)
p\Js, 7 pJi, 9xi fo

where o;; is the total stress tensor, dsi}‘ is the incremen-
tal inelastic strain tensor, p is the unit mass density, ¢;
is the heat flux vector, 7 is the distributed internal heat
production rate per unit mass and dz is the time incre-
ment.

The yield surface, F, in the proposed constitutive
model is given by [14]:

_Jo U + R(0))’

F="=2
P2 P,

™)

where J; is the first invariant of the total stress tensor,

Jop is the second invariant of the deviatoric stress ten-
sor, P, is the atmospheric pressure, R(0) is the ma-
terial bonding stress, and k is the isotropic hardening
parameter.

3. Thermo-elasto-viscoplasticity

In service, Pb/Sn solder joints operate at high hom-
ologous temperature (0.65 T,,), which is defined by
Tuse (K)/Tierr (K). Therefore, the contribution of creep
to the fatigue damage becomes very significant. As a
result, using a viscoplastic model for the characteriz-
ation of the thermo-mechanical behavior of the Pb/Sn
solder alloy is essential. Assuming small strains, the
total strain increment tensor for a thermo elasto-visco-
plastic problem can be separated into three parts:

dej = de} + de5; + de? (®)

where de Z, dej, and dejf are the incremental thermal,
elastic and viscoplastic strain tensors, respectively. The
thermal strain increment is defined by:

def; = ar dOI; )

where ot is the coefficient of thermal expansion, df is
the increment of temperature, and /;; is the unit vector.
The elastic strain increment is defined by:

dej; = Dj; doy; (10)

where Dj; is the inverse of the elastic constitutive ten-
sor. In order to define the increment of the viscoplastic
strain in Eq. (8) we need to define a viscoplastic strain
rate function. Tin/lead solder is a two phase alloy with
an evolving microstructure. Chandaroy [14] has shown
that the microstructure and grain size of a solder joint
depends on its cooling rate, age, temperature and
strain history. There are plenty of creep rate functions
proposed in the literature for Pb/Sn solder alloys. For
an extensive review see Ju et al. [32]. For Pb/Sn solder
alloys, the creep function used must take into account
the microstructure. Yet it should be simple enough to
be used in a boundary value problem. For the consti-
tutive model proposed in this paper the following
strain rate function was adopted by Chandaroy [14]:

ac
30'1']'

&;7 = A(sinh[Bg])"(d)" exp[;—HQ] (11)
where A, B, n and m are material constants, ¢ is the
von Mises equivalent stress and is given by
6 = /(3J2p), d is the average solder grain size, Q is
the creep activation energy, k is the Boltzmann’s con-
stant, 0 is the absolute temperature in Kelvin, and o
is the total stress tensor.
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Implementing the definitions given by Egs. (9)—(11)
and using Taylor’s series expansion and time inte-
gration on Eq. (11) finally yields the incremental
stress—strain relation for the thermo-elasto-viscoplastic
case below:

(doy), = (C50),(dEr), (12)
(€50, = [MC T + ArlGrlw ;! (13a)
and

(), = [dey — Ate}?" — Aty[Gal; dO — op dOI;,  (13b)

where At is the time increment for the viscoplastic
strain rate integration, y is the time integration coeffi-
cient, [G1] is the first derivative of the viscoplastic
strain rate function with respect to total stress, and
[G>] is the first derivative of the viscoplastic strain rate
function with respect to temperature.

4. Verification of the material model

The constitutive model proposed in this study was
verified against test data reported in the literature.
Adams [3] performed a series of tensile tests on Pb40/
Sn60 bulk solder specimen using an Instron 1122 test-
ing machine. These tests were performed at a constant
crosshead speed, but since only a small strain was
applied, this was assumed to be an approximately con-
stant true strain rate. The tests were performed at con-
stant temperatures between —55 and 125°C over a
range of strain rates from 8.33 x 107> to 8.33 x 1072
The specimens were 60/40 tin/lead solder. The solder
specimen average grain size was not reported by the
author. Since Adams’ [3] creep rate versus stress curve
data lies between the two creep curves (of grain size
9.7 and 28.4 um) of Kashyap and Murty’s [33] data, a
15 um grain size was assumed. The values of Young’s
modulus of E(GPa)=62.0-0.0670 was obtained from
ultrasonic testing on bulk Pb40/Sn60 solder samples.
Fig. 1 compares the constitutive model results with test
data at 22°C for different strain rates. Figs. 2—4 pre-
sent a comparison of stress versus strain results at
different temperatures and strain rates at 1.67 x 1072,
1.67 x 1073, and 1.67 x 1074, respectively.
Comparisons with test data indicate that the constitu-
tive model can predict the material behavior reason-
ably well, especially for small strain rates. The main
difference between the test data and the simulation
occurs during the hardening zone of the curves. The
development of a better hardening model is presently
underway.

5. Finite element procedure implementation

Most commercially available FEM codes such as
ABAQUS [2], ANSYS [1], etc. cannot perform a
damage mechanics analysis for a dynamic problem
using a viscoplastic material model. Hence, implement-
ing the models in an FEM code was essential. For the
displacement based FEM, the equilibrium equation in
incremental form is given by [12]:

Zj [B]T{dfa;}z{Qn+1}—2J (B]'(o%) (14)
|4 V

where [B] is the strain—displacement transformation
matrix, {do?} is the average stress vector increment, V'
is the volume, n is the load step number, r is the iter-
ation number and {Q, i |} is the vector of nodal
external loads. Implementing the DSC formulation in
Eq. (14), introducing inertia, damping forces and using
Newmark’s implicit scheme (with coefficients =5 and
o= ;1‘) for a time domain integration of the equation of
motion yields the following finite element equilibrium
equation:

[ K dgua} = (Qunit) — JV[B]T["“G?,]
v — JV[B]T{f-lo; ~~tg} dD,
dv + JVAzn[B]T["*lL,fXP Nr=tewly dy 4 JVAW
0BT LM 6o, (7} Y + jVocT (15)
o[BI L™ }i7)
av - [M]{Aitg("‘lqm )= q}

2 . . ..
- [C’I]{A_ld(’ilqn+l —qn) — qn} — MG olnst

where

r—1 g1 _ i i r—1

(1) = V155 1G5, 1K) (16)

["-‘K,,]zj [BI'C ' LB dV (17)
|4

(LY = [(1 = D, €]+ Du(1 + )

x [f_,C 5] (18)
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Fig. 1. Comparison of axial stress versus axial strain response at different strain rates at 22°C.

[C]l=u[M]+ w[K] (19)

and where {d'q, + 1} is the vector of nodal displace-
ment increments, Az, is the time step for viscoplasticity
time integration, {q}, {4}, {¢} are the nodal displace-
ment, nodal velocity and nodal acceleration vectors, re-
spectively {q,} is the base acceleration vector, [M] is
the mass matrix , [C] is the damping matrix, o; and o,
are the Rayleigh damping coefficients, and [K] is the
stiffness matrix.

The convergence to a steady-state solution in visco-
plastic problems can be monitored by checking the vis-
coplastic strain rate during each time step [40]:

= {Aerf)

0 | % 100 < tolerance (20)
T {Ag™)

For dynamic equilibrium, convergence is checked with
the following criteria [12]

0 F} = M)} = [CHC g}

<RTOL
RNORM <RTO

21

and
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Fig. 2. Comparison of stress versus strain response at different temperatures, strain rate=1.67 x 10~%/s.
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: +1} [_ Il f1+1_} [ .]{ Gni1}] <ETOL
d'g,[{F,} — M UG,) — [Clig, 1]

(22)

6. Analysis of a solder joint between a ceramic chip
carrier and a printed wiring board

The fatigue life and stress—strain response of a Pb40/
Sn60 solder joint in a surface mount technology pack-
age subjected to thermal cycling and vibrations is stu-
died. The package shown in Fig. 5 was subjected to a
temperature cycling and base acceleration. The time

histories of the temperature cycling and the vibrations
are given in Figs. 6 and 7, respectively.

Both low and high cycle fatigue were considered,
since under dynamic loading, the behavior of the
solder alloy can be elastic or inelastic depending on the
acceleration and the frequency of the vibrations. For
low cycle fatigue (up to 10* cycles [4]), the damage was
calculated using Eq. (6). For high cycle fatigue (over
10* cycles [4]), the damage was calculated using the fol-
lowing criterion [4]:

D = Z(n;/N;) (23)

where 7; is the number of cycles experienced and N, is
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Fig. 3. Comparison of stress versus strain response at different temperatures, strain rate=1.67 x 107%/s.

the total number of cycles to failure. High cycle fatigue
life test data was obtained from the data presented by
Steinberg [50].

The combined loading situation is first simulated by
superposing the damage due to vibration and thermal
loads using Miner’s rule. The damage due to each
loading type acting alone is determined and then
superposed to assess the overall fatigue life of the joint
[40]. In the second stage, coupled thermo-viscoplastic-
dynamic analyses are performed using the finite el-
ement procedure presented above, in which the total
damage is computed directly.

In the literature and in the industry it is common
practice to compute the total fatigue damage caused
by vibration and thermal cycling using Miner’s rule [4].

A finite element analysis was conducted for three sep-
arate load combinations. Fatigue life study results for
these load cases are presented below.

6.1. Load case I

This load case consists of thermal cycling between
—25 and 100°C and 5 g — 10 Hz vibrations in the X-
direction (horizontal axis in the figure plane) only. Fig.
8 shows the shear stress—shear strain response of the
solder joint for 5 g—10 Hz vibrations only at room
temperature (25°C). The response is elastic after 120
cycles of dynamic loading. A thermal analysis alone
was also performed on the package for the time history
shown in Fig. 6. The stresses in the solder joint were
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Fig. 4. Comparison of stress versus strain response at different temperatures, strain rate=1.67 x 10™%/s.

observed to be very small. The reason for this could be
the very short period of the thermal cycle. Since the
main factor that induces damage in the Pb/Sn solder
joint is the creep damage, the 12 s loading is not long

4 16.516mm Chip

0.508mm
0.2032mm

Solder Joint
Pb40/Sn60

19.184mm

0.3808mm

Fig. 5. A schematic of the surface mount technology package.

enough to induce any significant creep damage [5].
Basaran et al. [6] have shown that thermal cycles with
long periods induce significant creep-damage. Fig. 9
shows the response of the Pb40/Sn60 solder joint
under simultaneous thermal and dynamic loading. As

~ 100+

O

<

2

g 25 -

E 12 secs | Time
§ 25t

Fig. 6. Time history of thermal loading.
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Fig. 7. Time history of dynamic loading.

can be seen from the figure, there is significant plas-
ticity under concurrent loading, even though stresses
and strains on the older joint are negligible when only
thermal loading is applied to the package for 12 s. The
main cause for this behavior is the degradation of ma-
terial properties (in particular Young’s modulus) under
higher temperatures. As the temperature increases, the
plastic strain level starts to increase and the area inside
the stress—strain curve becomes bigger. The outer most
curve represents the 30th dynamic cycle, at which
point the temperature is maximum. As the temperature
begins to decrease below 100°C, the plastic strain level
begins to reduce, and then goes back to the original
position at room temperature. The cooling zone of the
temperature cycle also induces plastic deformation in
the solder joint, albeit significantly less than above

2.0 — T T

room temperatures, due to the fact that Young’s mod-
ulus increases below room temperatures. It is import-
ant to point out that, due to the cyclic nature of the
loading, the plastic strain induced in the higher tem-
peratures is reversed for the cooling period. As a
result, the final plastic strain is very small, although
the actual damage induced in the system is significant.
The stress level during concurrent loading does not
change much. This is because it usually takes many
more thermal cycles or longer hold times before soften-
ing is introduced in the system.

Fig. 10 shows the progress of the accumulative
damage versus the dynamic cycles. A comparison is
presented between the damage values obtained from
Miner’s rule and the finite element coupled analysis.
Miner’s rule underestimates the damage, hence overes-
timates the fatigue life. It is important to mention that
the 30th dynamic cycle, where there is a sharp change
in the curve, corresponds to the maximum temperature
of 100°C. Beyond the 30th cycle, damage does not
change much as the temperature starts to cool down.

6.2. Load case 11

The dynamic loading in this case is applied in the Y
direction only. Fig. 11 depicts the average axial stress—
axial strain (o,~¢,) response in the solder joint for 5 g-
10 Hz vibrations for 120 cycles. In this case, unlike
case I, there is plasticity under dynamic loading alone.
Subsequently it results in a low cycle fatigue. The non-

0.0 -

Shear stress(MPa)

-2.0 . L .

1 i £ e

-0.00020 -0.00010

0.00000

0.00010 0.00020

Shear strain

Fig. 8. Stress versus strain response for dynamic loading of 5 g-10 Hz in the X-direction.
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Fig. 9. Stress versus strain response for the concurrent thermal and dynamic loading (in the X-direction only).

smoothness of the response is primarily due to the
boundary conditions where the package is fixed in the
Y-direction only at the ends and thus is capable of sig-
nificant displacements. Fig. 12 shows the (g,-¢,) re-
sponse of the solder joint under combined thermal and

dynamic loading. Shear stress level in the solder joint
during vibrations was found to be insignificant. As the
temperature increases, the plastic strain starts to
increase and reaches a maximum value at the highest
temperature (100°C). At this temperature the hysteresis
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107 -
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Fig. 10. Damage versus number of dynamic cycles for concurrent thermal and dynamic loading (in the X-direction only).
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Fig. 11. Stress versus strain response for dynamic load of 5 g-10 Hz (in the Y-direction only).

curve has the largest area. As the temperature goes
down again, the plastic strain is reduced and goes to a
minimum value at the lowest temperature. The maxi-
mum strain level is twice as large when compared to
load case I. Fig. 13 shows the damage (due to concur-

rent loads) versus the number of dynamic cycles. As
can be seen from the figure, the damage is much larger
than the application of combined thermal and dynamic
loading in the X-direction. This is mostly because of
the boundary condition imposed on the structure. The
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Fig. 12. Stress versus strain response for concurrent thermal and dynamic load of 5 g-10 Hz (in the Y-direction only).
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Fig. 13. Damage versus number of dynamic cycles for concurrent thermal and dynamic loading of 5 g-10 Hz (in the Y-direction

only).

package is constrained only at the ends in the Y-direc-
tion and hence the central portion of the package is
subjected to significant displacements, which leads to
larger stress and strain in the solder joint. It is also
observed that Miner’s rule significantly overestimates
the fatigue life.

6.3. Load case II1

In this loading combination, the thermal cycling and
the dynamic loading of 5 g-10 Hz are applied in both
X and Y directions. Figs. 14 and 15 show t,,~y,, re-
sponse and the o,—¢, response, respectively, of the
solder joint under dynamic loading only. Fig. 14 shows
that the maximum shear stress level is almost the same
as when vibrations are applied in the X-direction only.
This is in spite of the fact that the energy dissipated in
the joint is much larger due to the larger plastic strain.
This is probably due to the contribution of the vertical
displacements to the shear stress.

Fig. 16 shows the 7,,~y,, response in the solder joint
under concurrent thermal and dynamic loading of 5 g-
10 Hz in both X and Y directions. The maximum
strain level reached is also larger when compared to
load cases I and II. As a result, having loading in both
X and Y directions is the worst combination for this
boundary condition. Another feature observed in this
response is that with the reduction of temperature, the
plastic strain starts to reduce but does not go to the

original position at room temperature and, even at
lower temperatures, stops at a certain plastic strain
level.

Fig. 17 shows the g,—¢, response for the concurrent
thermal and dynamic loading of 5 g-10 Hz in both X
and Y directions. Comparing it with cases I and II, we
can conclude that combining vibrations in X and Y
directions does not make any difference in the o,—¢, re-
sponse in the solder joint.

Fig. 18 depicts the distribution of the coupled ac-
cumulative damage versus the number of dynamic
cycles for the coupled analysis and for the analysis per-
formed using Miner’s rule. An order of magnitude
difference is observed when coupled analysis results are
compared with Miner’s rule results. Miner’s rule sig-
nificantly underestimates the total damage, and as a
result overestimates the fatigue life. The latter obser-
vation indicates that performing a coupled analysis is
essential for any final analysis. When Figs. 13 and 18
are compared, it is seen that the damage levels are
close, with the damage under the concurrent thermal
and dynamic loading in both X and Y directions being
slightly larger than the damage under concurrent ther-
mal and dynamic loading in the Y-direction only. So it
can be concluded that for this particular boundary
condition, loading in the Y-direction has a greater
damaging effect on the solder joint than loading in the
X-direction.
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directions.

7. Conclusion

In this paper a unified constitutive model has been
proposed for fatigue life predictions of solder joints in
surface mount technology electronic packaging.
Coupled thermo-viscoplastic—-dynamic analysis results
have been compared against fatigue life predictions
using Miner’s rule. The comparisons indicate that
Miner’s rule significantly underestimates the accumu-
lative damage in the system. The results indicate that
the reliability of a solder joint cannot be solely deter-
mined by the thermal cycles experienced. It has been
shown that dynamic loads can lead to low cycle fatigue
without the existence of thermal loads. Obviously, the
simultaneous application of thermal and dynamic
loads significantly shortens the fatigue life.

In this study it has been shown that Miner’s rule
overestimates the fatigue life. Using Miner’s rule for
the preliminary analysis would be acceptable, but the
final analysis should be performed for the coupled
loading.

The results strongly suggest that having thermal
loading in conjunction with dynamic loading makes a
significant difference in the fatigue life of the solder
joint.
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